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HEM  THERMOGRAV IMETRIC  RELATIONSHIPS 
FOR  STUDYING  THE  PYROLYSIS  CF  POLYMERS 


Prepared,  by: 
Hugh  C.  Anderson 


ABSTRACT:  Two  thermogravimetric  methods  were  developed  to  show  whether 
rate  of  weight  loss  varies  with  extent  of  pyrolysis  of  a  polymer.  The 
first  of  these,  a  kinetic  technique,  involves  obtaining  (at  various 
degrees  of  degradation)  the  activation  energy,  the  order  of  decomposition, 
and  the  Arrhenius  pre -exponential  factor  by  solving  three  simultaneous 
equations.  The  data  for  these  equations  are  obtained  by  performing  three 
thermogravimetric  experiments  at  three  constant  heating  rates.  The  second 
method,  which  involves  cycling  the  polymer  between  25 *C  and  a  fixed  higher 
temperature,  is  based  on  the  compound  interest  law.  If  the  rate  of  weight 
loss  changes  with  extent  of  decomposition,  the  experimental  points  deviate 
from  the  theoretical  curve;  if  the  rate  does  not  vary,  the  experimental 
points  coincide  with  the  curve.  Both  techniques  show  that  rate  of  veight 
loss  does  not  change  appreciably  with  degree  of  pyrolysis  of  Teflon.  For 
a  copolymer  of  tetrafluoroethylene  and  hexafluoropropylene,  these  methods 
show  that  rate  of  veight  loss  does  vary  vith  degree  of  pyrolysis. 
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NEW  THHIMOGRAVIMBTRIC  RELATIONSHIPS  FOR  STUDYING  THE  PYROLYSIS  OF  POLYMERS 


Tbit  report  contains  a  description  of  tvo  new  thermo gravimetric  techniques 
and  a  discussion  of  their  application  to  the  study  of  two  model  polymers 
(polytetrafluoroethylene  and  a  copolymer  of  polytetrafluoroethylene  and 
hexafluoropropylene).  This  work  was  performed  under  Task  PR-6  as  part  of 
a  general  polymer  pyrolysis  investigation  directed  toward  the  acquisition 
of  a  more  fundamental  understanding  of  the  thermal  decomposition  of 
polymers  and  related  substances. 

The  most  significant  outcome  of  the  research  described  herein  is  that  it 
produced  two  simple  thermo  gravimetric  relationships  that  reveal  vhether 
rate  of  pyrolysis  varies  vlth  extent  of  degradation  of  a  polymer.  Whether 
or  not  this  variation  in  rate  occurs  is  one  of  the  most  important  questions 
confronting  a  polymer  degradation  chemist. 


R .  E.  OPENING 
Captain,  USN 
Commander 
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DHRODUCTION 

1.  If  a  polymer  Is  decomposed  to  an  extent  of  10#  (as  determined  by 
veight  loss),  the  structure  of  the  residue  may  be  different  from  that  of 
the  original  material.  Then,  if  the  residue  is  decomposed  another  10#, 
the  structure  of  this  second  residue  could  be  different  from  those  of  the 
original  polymer  and  of  the  first  residue.  These  changes  in  structure  can 
alter  the  mechanism  and  rate  of  decomposition  as  the  material  is  further 
pyrolyzed.  Since  the  usual  thermo  gravimetric  method  (refs,  (a)  and  (b)) 
yields  rates  averaged  over  vide  degradation  ranges,  it  may  fail  to  reveal 
rate  changes  due  to  modifications  in  the  structure  of  the  residue. 

2.  The  purpose  of  the  vork  described  herein  vas  to  develop  methods 
to  indicate  vhether  the  rate  of  decomposition  changes  as  the  polymer  is 
pyrolyzed.  A  study  of  the  problem  led  to  tvo  likely  approaches.  The  first 
of  these,  a  kinetic  method,  vas  possible  because  of  our  ability  to  perform 
thermo gravi metric  experiments  at  various  constant  heating  rates.  Based 
upon  the  use  of  three  heating  rates,  an  equation  vas  derived  for  calcu¬ 
lating  the  activation  energy,  the  order  of  decomposition,  and  the  Arrhenius 
pre -exponential  factor.  For  the  second  approach,  an  equation  based  on  a 
modification  of  the  compound  interest  lav  (ref.  (c))  vas  derived.  It  vas 
then  possible  to  use  a  thermogravimetric  cycling  procedure  to  show  if  rate 
of  decomposition  changes  vith  extent  of  pyrolysis.  These  tvo  techniques 
vere  applied  to  polytetrafluoroethylene  (DuPont's  Teflon  5)  and  a  FEP 
copolymer  (DuPont's  Teflon  100)  of  tetrafluoroethylene  and  hexafluoro- 
propylene. 

THEORETICAL 


3.  For  the  kinetic  method,  equation  (4)  in  Figure  1  vas  derived.  It 
contains  the  three  kinetic  parameters:  E,  activation  energy;  n,  order  of 
decomposition;  and  A,  Arrhenius  pre -exponential  few: tor.  In  order  to  solve 
for  these  parameters,  data  are  required  for  three  simultaneous  equations. 
Since  rate  of  veight  loss  and  heating  rate  are  dynamic  processes,  veight - 
loss  curves  vill  shift  along  the  temperature  axis  (Fig.  2)  vhen  obtained 
at  different  constant  heating  rates.  With  three  such  curves,  all  the 
necessary  data  become  available  for  the  required  solution. 

4.  The  thermogravimetric  cycling  experiments  for  the  second  method 
vere  performed  on  the  following  assumption.  When  a  polymer  is  decomposed 
partially  by  repeated  cycling  betveen  25 *C  and  a  fixed  higher  temperature, 
Wr/Wi  for  each  cycle  should  follow  a  curve  of  Wr/Wi  »  (l  -  W/W^ )"  ,  in 
which  Wr  =  weight  of  polymer  remaining  after  cycle  M,  W^  =  initial  weight, 
and  W  =  veight  loss  during  the  first  cycle  (see  Fig.  3)« 

EXliJDmdAL 


5.  Figure  4  shows  a  modification  of  the  veighing  chamber  for  the 
thermogravimetric  apparatus  described  previously  (refs,  (d)  and  (e)). 
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Approximately  9  to  11.5  mg*  samples  of  100-mesh  Teflon  5  and  Teflon  100 
powder  were  pyrolyzed  at  a  pressure  of  1  x  10'3  mm.  Hg.  The  heating  rates 
were  controlled  to  within  ±  10$.  Precision  of  the  veight-loss  measurements 
was  ±0.02  mg. ,  and  the  temperature  was  measured  to  ±  0. 5*C.  Heating  rates 
of  1,  2  and  4*C  per  minute  between  25  and  620*C  were  used  for  the  kinetic 
experiments.  For  the  cycling  experiments,  the  theoretical  curves  in 
Figure  7  were  obtained  by  heating  the  polymer  for  the  first  time  at  a  rate 
of  k*C/minute  up  to  the  temperatures  indicated.  The  fractional  weight 
remaining  (Wr/Wj[)  was  then  calculated  by  assuming  the  initial  fractional 
weight -loss  to  be  constant.  For  these  experiments,  W/W^  was  0.11  ±  0.01. 

RESULTS  AMD  DISCUSSIOB 


A.  Kinetic  Experiments 

6.  Data  necessary  for  solving  for  E,  n,  and  A  were  obtained  from 
typical  curves  for  Teflon  5  (Fig-  5)  and  Teflon  100  (Fig.  6).  An  KM  7090 
computer  was  used  to  solve  the  simultaneous  equations,  and  the  gauss 
reduction  method  (ref.  (f))  was  used  to  spot  check  the  results.  The  cal¬ 
culated  kinetic  values  are  given  in  Table  I  for  Teflon  5  and  in  Table  II 
for  Teflon  100. 

7.  That  the  kinetic  values  in  Table  I  do  not  differ  appreciably  for 
various  fractions  of  weight  loss  Indicates  that  the  rate  of  degradation 
of  Teflon  5  does  not  change  with  degree  of  pyrolysis.  These  results  agree 
with  the  following  generally  proposed  mechanism  (ref.  (l))  of  Teflon 
pyrolysis.  Initiation  occurs  by  random  splitting  of  a  C-C  bond  into  a 
pair  of  free  radicals.  These  radicals  remain  in  the  vicinity  of  the  site 
where  they  are  formed  end  depropagate  by  step-wise  ejection  of  monomer 
molecul.es  from  the  radical  ends.  Monomer  then  diffuses  rapidly  away  from 
the  reaction  site  in  vacuum  pyrolysis.  The  results  also  show  that  the 
rate  of  decomposition  is  independent  of  the  molecular  weight  of  the  polymer. 

8.  Curves  in  Figure  6  and  kinetic  values  in  Table  II  indicate  that 
there  are  at  least  two  stages  in  the  decomposition  of  Teflon  100  copolymer. 
The  initial  stage  of  decomposition  suggests  a  lower  stability  of  chain 
segments  containing  hexaifluoropropylene  unite.  Wall  (ref.  (k))  reported 
that  a  similar  copolymer  produced  less  light  volatiles  than  pure  Teflon; 

75  to  84$  as  compared  to  about  95$  for  the  latter.  The  main  components  of 
these  volatiles  were  C3F5  and  CgFg,  CoF^  being  more  abundant  in  the  early 
stages  of  pyrolysis.  At  10$  degradation,  the  light  volatiles  contained 
85$  C3F5  and  9$  C2F4,  whereas  at  92$  decomposition  the  volatiles  contained 
19$  C3F6  and  68$  C2F4. 

B.  Cycling  Experiments 

9>  The  average  results  of  the  cycling  experiments  are  shown  in 
Figure  7.  The  close  agreement  between  the  experimental  points  and  the 
theoretical  curve  for  Teflon  Indicates  further  that  the  rate  of  weight  loss 
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does  not  <»h«.ng*  appreciably  vlth  degree  of  decomposition.  For  the  early 
stages  of  degradation  of  the  copolymer,  the  large  deviations  of  the  experi¬ 
mental  points  from  the  theoretical  curve  show  a  definite  change  In  rate  of 
velght  loss  vlth  Increasing  decomposition.  In  fact,  after  the  third  cycle, 
Wr/Wi  remained  constant  through  two  additional  500*C  cycles.  For  the 
second  stage  of  degradation,  the  deviations  of  the  experimental  values  of 
Wr/Wi  from  the  theoretical  curve  are  not  as  great  as  they  were  for  the 
first  step.  The  theoretical  curve  for  the  second  stage  of  decomposition 
was  obtained  by  taking  the  amount  of  polymer  renaining  after  the  fifth 
cycle  in  the  first  stage  as  the  initial  weight  (Wj.). 

CONCLUSIONS  AMD  RECOMMENDATIONS 


10.  Either  the  kinetic  or  cycling  experiment  can  be  used  to  tell 
whether  the  rate  of  weight  loss  varies  with  extent  of  pyrolysis.  The 
latter  method  is  preferred  for  this  purpose  because  it  is  much  simpler. 

The  kinetic  method  can  then  be  used  to  obtain  precise  kinetic  data  at 
selected  extents  of  pyrolysis. 

11.  The  author  recommends  that  these  methods  be  applied  to  an  investi¬ 
gation  of  the  effect  of  the  position  of  aromatic  substituents  on  the  thermal 
stability  of  model  epoxide  polymers.  These  polymers  could  be  synthesized 
from  resorcinol  diglycidyl  ether,  hydroquinone  diglycidyl  ether,  and 
catechol  diglycidyl  ether  with  o-,  p,  and  m-phenylened famines  being  used 

as  coreactants. 
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TABLE  I 

meric  values  fcr  iyrolysis  cf  teflon  5  homopolymer 


W/Wi 

E(kcal) 

n 

A(l/nrLn)lO-20 

0.1 

77 

1.00 

3.7 

0.2 

78 

1.00 

^•3 

0.3 

77 

1.00 

3-7 

0.4 

77 

0.99 

3.7 

0.5 

76 

1.02 

4.8 

0.6 

78 

1.00 

3-8 

0.7 

78 

1.01 

3-7 

0.8 

76 

1.01 

3.3 

0.9 

77 

1.07 

4.8 

Average 

77.0 

1.01 

4.0 

Matdorsky 
(ref.  (g)) 

80.5 

1.00 

2.8 

Siegle 
(ref.  (h)) 

83.0 

1.00 

27.0 

Anderson 
(ref.  (i)) 

75.0  ±  4 

1.02  ±  0.07 

- 

Doyle 
(ref.  (j)) 

67.O 

• 

NOTE:  Each 

m 

1 

Vi 

O 

for  E,  n,  and  A  is 

the  average  of  t 

determinations .  Maximum  average  deviations  were:  E,  ±  7%; 
a,  ±  10%;  and  A,  t  20%. 
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TABLE  II 

meric  values  for  fxroltsis  of  tiflch  100  copolzmer 


V/Wi 

E(kcal) 

n 

A(l/mln)10"13 

0.1 

34.8 

0.93 

0.0004 

0.2 

44.4 

0.88 

0.1 

0.3 

60.2 

0.91 

222.0 

0.4 

55-6 

0.90 

46.0 

0.5 

48.2 

1.00 

4.0 

0.6 

42.3 

1.09 

1.0 

Average 

48 

0.95 

46.0 

Wall  (ref.  (it)) 

55 

1.00 

6.0 

BOTE:  Bach  group  of  values  for  E,  n,  and  A  Is  the  average  of  three 
determinations,  ttolmua  average  deviations  were:  E,  ±  5 1>> 
d,  ±  10f;  and  A,  ±  15^. 
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FIG  4  THERMOGRAVIMETRIC  EXPERIMENTAL  ARRANGEMENT 
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FIG  7  THERMOGRAVIMETRIC  CYCLING  CURVES 
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